Abstract Hurricane Patricia was the most intense tropical cyclone on record in the eastern North Pacific or Atlantic, reaching a peak intensity of 95 m s −1 only 30 h after attaining hurricane status (33 m s −1 ). Here it is shown that exceptionally warm sea surface temperatures (SSTs), a deeper than normal thermocline, and strong near-surface salinity stratification all aided Patricia's rapid intensification, combining to increase its Potential Intensity by 1-14 m s −1 . Anomalous surface warming and thermocline deepening along Patricia's track were driven by prolonged El Niño conditions during 2014-2015 and punctuated by the buildup to the extreme El Niño of 2015-2016. In the region where Patricia intensified, SST was 1.5 ∘ C higher and sea surface height was 10 cm higher compared to conditions during the last extreme El Niño in 1997, emphasizing the extraordinary nature of the 2015 anomalies.
Introduction
The 2015 Northeast Pacific hurricane season was the second most active on record and produced an unprecedented 11 major hurricanes (maximum sustained wind of at least 50 m s −1 ). Patricia was unique among these storms because of its exceptionally high peak intensity and ultimate landfall as a major hurricane along the southwestern coast of Mexico. After forming on 20 October, Patricia underwent a period of very rapid intensification during 22-23 October, increasing from 39 m s −1 to 93 m s −1 in a 24 h period. Its peak intensity of 95 m s −1 (category 5), with a central pressure of 873 hPa, makes it the strongest hurricane on record in the eastern North Pacific and North Atlantic and the second strongest worldwide. Patricia weakened to 67 m s −1 (category 4) as it reached Mexico's coast but was still the most intense hurricane to make landfall in Mexico [Kimberlain et al., 2016] .
In October 2015, the region in the northeastern tropical Pacific where Patricia intensified experienced the highest sea surface temperatures on record ( Figure 1a ) [Kimberlain et al., 2016] . Record or near-record sea surface temperatures (SSTs) were also present in the eastern equatorial Pacific, associated with a developing "super" El Niño [Levine and McPhaden, 2016] , and in the Northeast Pacific due to a large area of strong and persistent sea level pressure anomalies [Bond et al., 2015] . Higher SSTs translate to a higher maximum Potential Intensity for a hurricane [Emanuel, 1999] , suggesting that the anomalous warmth during October 2015 may have fueled Patricia's extraordinary strengthening. Recent studies have also found a strong relationship between interannual variability of upper ocean heat content and eastern Pacific hurricane activity [Balaguru et al., 2013; Jin et al., 2014] , opening up the possibility that subsurface temperature anomalies also may have played a role. Here we examine the upper ocean conditions in the northeastern tropical Pacific and their contribution to Patricia's rapid intensification.
Data and Methods
Patricia's 1 min sustained maximum wind speed and location every 6 h were obtained from the National Hurricane Center [Landsea and Franklin, 2013] . A monthly blended satellite in situ SST product on a 1 ∘ × 1 ∘ grid from 1982 to 2015 [Reynolds et al., 2002] , daily sea surface height (SSH) anomalies with respect to a 20 year mean, on a , where is surface wind stress, calculated using a wind speed-dependent drag coefficient [Donelan et al., 2004] , is the density of air, and f is the Coriolis parameter.
ERA-interim air temperature, relative humidity, and sea level pressure were used to calculate the atmospheric contribution to Patricia's Dynamic Potential Intensity (DPI) [Balaguru et al., 2015] , a variant of Potential Intensity that accounts for cyclone-induced SST cooling. The ocean cooling induced by Patricia for different ocean conditions was estimated using monthly temperature and salinity from National Centers for Environmental Prediction's Global Ocean Data Assimilation System (GODAS) [Behringer and Xue, 2004] , available from 1980 to 2015 on a 1 3 ∘ latitude × 1 ∘ longitude grid. The methods for calculating DPI and ocean cooling are described later in this section.
To diagnose the causes of large-scale SST variability in the northeastern tropical Pacific during 2014-2015, we perform a mixed layer temperature budget analysis using monthly 1 ∘ × 1 ∘ surface heat fluxes from the TropFlux product [Kumar et al., 2012] , together with the Relynolds et al. SST and monthly Ocean Surface Current Analysis-Realtime (OSCAR) horizontal velocity, averaged from the surface to a depth of 30 m and available during 1993-2015 on a 1 ∘ × 1 ∘ grid [Bonjean and Lagerloef , 2002] . The temperature budget can be expressed as
In (1), T s is SST, Q 0 is the net surface heat flux, is the density of seawater, c is the capacity, h is mixed layer depth, v is horizontal velocity averaged in the mixed layer, and w mix represents changes in SST due to the vertical turbulent exchange of heat across the base of the mixed layer. Monthly Reynolds et al. SST is used for T s , and its horizontal gradient over a distance of 1 ∘ is used with monthly OSCAR currents to calculate horizontal temperature advection. The Q 0 term is calculated from TropFlux monthly surface heat fluxes and adjusted for the penetration of solar radiation through the mixed layer: S pen = S 0 e −h∕15 , where S 0 is the downward surface solar radiation. Mixed layer depth is calculated from monthly GODAS temperature and salinity using the criterion of a 0.07 kg m −3 density increase from a depth of 5 m. Because w mix is difficult to calculate directly, we estimate it as the difference between the rate of change of SST (first term in (1)) and the sum of the net surface heat flux and temperature advection (first two terms on the righthand side of (1)).
To assess the impact of upper ocean conditions on Patricia's development, we consider the along-track SST cooling and DPI, in addition to the larger-scale analyses described earlier in this section. To estimate the SST cooling induced by Patricia, we first follow Balaguru et al. [2015] and estimate the maximum depth to which mixing occurred during Patricia's passage through a given 6-hourly location:
where h is the initial mixed layer depth, o is the seawater density, u * is the friction velocity, t is the time period of mixing, is the von Kármán constant, g is the acceleration due to gravity, and is the rate of increase of potential density with depth from the base of the mixed layer to 50 m below the mixed layer. This formula explicitly accounts for the influence of temperature and salinity stratification on the mixing length. We use October 2015 temperature and salinity from GODAS to calculate h, averaged in a 2 ∘ × 2 ∘ box and centered on each 6-hourly location. The u * term is computed from the observed peak storm wind speed, with a drag coefficient that is accurate for high winds [Donelan et al., 2004] . The parameter t = R∕U is calculated as the time for the storm moving at its observed translation speed to cross a distance of R =8 km, the approximate average radius of maximum winds during Patricia's intensification stage.
With the mixing length from (2), we calculate the vertically averaged temperature from the surface to L at each 6-hourly location:
T dy therefore represents an estimate of the SST that is experienced by Patricia's core. The SST cold wake is calculated as T dy minus the 2 ∘ × 2 ∘ area-average of GODAS October 2015 SST, centered on each storm location. The DPI is calculated as
where DPI represents the maximum wind speed of Patricia, T o is the outflow temperature, C D is the coefficient of drag, C K is the coefficient of enthalpy exchange, k T dy is the enthalpy of air in contact with the sea surface, and k is the specific enthalpy of air near the surface in the storm environment. ERA-interim air temperature and relative humidity for the month of October 2015 are used to calculate T o , k T dy , and k. Standard bulk formulas for latent and sensible heat fluxes are used to calculate enthalpy, and C K ∕C D is set to the default value of 0.9 [Bister and Emanuel, 2002] . In order to examine the influence of the ocean state on the cold wake and DPI, we perform three additional analyses consisting of the same calculations except we use either (1) climatological October temperature, salinity, air temperature, and humidity, (2) October 1997 conditions, and (3) October 2015 conditions except salinity is set to zero at all depths before calculating L. The first two analyses are used to examine the extent to which anomalous conditions in 2015, relative to climatology and 1997, contributed to Patricia's development. The year 1997 was chosen because the strong El Niño conditions in the equatorial Pacific in that year were very similar to those in 2015. The last analysis is used to examine the extent to which salinity may have contributed to Patricia's intensification.
Results
In October 2015, there were above normal SSTs in most of the eastern tropical Pacific. The positive anomalies peaked on the equator in association with the developing El Niño, and there was a secondary peak in the northern subtropics due to the southeastward movement of the North Pacific "warm blob" [Bond et al., 2015] ( Figure 1a ). The sea surface was higher than normal between 10 ∘ N and 18 ∘ N and east of 120 ∘ W (Figure 1b) . In general, these anomalies are consistent with El Niño-forced equatorial Kelvin wave reflection at the eastern boundary and subsequent westward Rossby wave radiation [Enfield and Allen, 1980; Fu and Qiu, 2002] , combined with anomalous downwelling-favorable wind stress curl [Fu and Qiu, 2002; Abe et al., 2014] . There is also evidence of anticyclonic eddies centered near 12 ∘ N, possibly driven by enhanced easterly winds through gaps in the central American mountains [Willett et al., 2006] . Positive SSH anomalies translated to an anomalously deep thermocline and thick mixed layer in the northeastern tropical Pacific (Figures S1-S3 in the supporting information). As Patricia turned northward and approached Mexico, it encountered surface water that was ∼ 0.3 practical salinity unit fresher (Figure 1c ). This fresher water was present before Patricia's arrival and is likely due to outflow from the Rio Grande de Santiago and Balsas Rivers, which enter the ocean at 21 ∘ N and 18 ∘ N, respectively ( Figure S4 ).
The anomalously deep thermocline along Patricia's track acted to reduce SST cooling by about 0.2-0.8 ∘ C relative to the cooling that would have occurred under climatological conditions (Figures 2a and 2b ). There is a reduction in the cold wake magnitude of up to 0.5 ∘ C even relative to 1997, when conditions in the equatorial Pacific were very similar to 2015, emphasizing the unusual nature of the upper ocean temperature anomalies in the northeastern tropical Pacific in 2015. As Patricia underwent rapid intensification (rapid intensification here is defined as an increase of at least 15 m s −1 in a 12 h period), it traveled over low-salinity waters with strong stratification (Figures 1c and S5) , which tended to suppress vertical mixing and SST cooling (Figure 2b ). Though the mean salinity structure was important, we found that salinity anomalies did not contribute substantially to Patricia's cold wake. Good agreement between the estimated and observed cold wakes ( Figure S6 ) suggests that our cold wake model is reasonable and that the comparison based on different background conditions is meaningful.
Consistent with the cold wake analysis, the ocean state in October 2015 was more conducive to intensification compared to the climatological state or conditions in 1997 (Figures 2c and 2d) . Anomalous upper ocean conditions (either relative to 1997 or climatology) enhanced DPI by 1-14 m s −1 during the period when Patricia's strength increased from 59 to 93 m s −1 (low-end category 4 to strongest hurricane on record in the Northeast Pacific or Atlantic). Atmospheric conditions did not contribute substantially to the DPI ( Figure S7 ). Results are similar when a one-dimensional numerical mixed layer model is used to calculate Patricia's SST wake and DPI, except that the cold wake estimated using 1997 background conditions is weaker and the suppression of cooling due to salinity is weaker (Text S1 and Figure S8 ). Note that the DPI decreases along Patricia's track as its intensity increases rapidly (Figure 2c ). This is likely due to a cold bias in GODAS SST, which generates a low bias in DPI that is largest toward the end of Patricia's track ( Figure S9 ). It is also likely that the cold SST bias results in upper ocean stratification that is too weak and a cold SST wake that is too strong, further depressing DPI. It is therefore probable that the upper ocean conditions were even more favorable for intensification than indicated in Figure 2 .
The cold wake and DPI analyses show that Patricia benefited from strong anomalous warming in the upper ocean prior to October 2015. The causes of the subsurface warming can be traced to conditions in the equatorial Pacific beginning in early 2014. Between January and April, westerly wind anomalies in the central and western equatorial Pacific forced downwelling equatorial Kelvin waves (Figures 3a and 3b) . The Kelvin waves propagated eastward, reflected into coastal Kelvin waves and westward propagating Rossby waves at the eastern boundary, and consequently increased SSH in the eastern basin between 10 and 20 ∘ N, where Patricia strengthened (Figures 3a and 3b ) [Menkes et al., 2014; McPhaden, 2015] . Subsequent equatorial easterly wind anomalies during June-July temporarily halted the developing El Niño and the anomalous increase in SSH between 10 and 20 ∘ N (Figures 3a and 3b ) [Hu and Fedorov, 2016; Levine and McPhaden, 2016] . Westerly wind anomalies resumed in early 2015, reviving El Niño conditions and contributing to a ∼ 10 cm anomalous increase of SSH in the eastern Pacific between 10 and 20 ∘ N (Figures 3a and 3b ) [Levine and McPhaden, 2016] . As the El Niño strengthened during July-October 2015, anomalous Ekman pumping between 10 and 20 ∘ N further increased SSH (Figure 3c ). The tendency for reflected planetary waves and local Ekman pumping anomalies in the northeastern tropical Pacific to increase SSH during the 2014-2015 El Niño is consistent with results for a composite El Niño [Enfield and Allen, 1980; Fu and Qiu, 2002; Abe et al., 2014] . However, as will be discussed in the remainder of this section, the anomalies in 2015 were considerably larger, even in comparison to 1997, arguably the strongest El Niño on record. (Figures 3 and 4e) .
The causes of anomalous surface warming in the northeastern tropical Pacific during a typical El Niño are not well known [Karnauskas and Busalacchi, 2009; Alexander et al., 2012] , and the presence of record warmth in the subtropical northeastern Pacific during 2015 adds to the intrigue regarding the anomalous warming prior to Patricia. During a typical El Niño, atmospheric convection and cloudiness in the northeastern tropical Pacific shift southward toward the strongest SST anomalies on the equator [Karnauskas and Busalacchi, 2009] . However, during 2014-2015 there was weaker heating from surface solar radiation in the northeastern tropical Pacific compared to the same period in 1996-1997 due to enhanced cloudiness (Figure 5a ). There was also more cooling from the surface latent heat flux in 2014-2015 compared to 1996-1997 , consistent with higher rates of evaporation from warmer SST in 2014-2015. Combined, the absorbed solar radiation and latent heat flux tended to cool SST more strongly in 2014-2015 and therefore cannot explain the anomalous warmth relative to 1996-1997. Differences in longwave radiation and sensible heat flux were generally much weaker in comparison. When the anomalously thick mixed layer during 2014-2015 is taken into account, cooling from the net surface heat flux was even stronger relative to 1996-1997 ( Figure 5a ). Another candidate for the cause of the anomalous warmth in the northeastern tropical Pacific is the record warmth in the North Pacific [Bond et al., 2015] . There is evidence that mean southward near-surface currents transported anomalous warmth into the northeastern tropical Pacific during August 2014-September 2015 (Figure 5b ). However, the net increase in SST due to meridional advection is 1.3 ∘ C during this period relative to the same period in 1996-1997, compared to −9.3 ∘ C from the surface heat flux. The record warmth in the northeastern tropical Pacific during 2015 therefore cannot be explained by the combination of the surface heat flux and horizontal advection. Instead, anomalous Ekman downwelling, and associated deepening of the thermocline and reduction in vertical turbulent cooling, appear to be the dominant causes. There is evidence that the anomalous warming from vertical advection and mixing (estimated from the difference between the rate of change of SST and the sum of horizontal advection and the surface heat flux) is strongest during the months when the climatological thermocline is shoaling and SST is most likely to be influenced by thermocline depth anomalies (Figure 5c ). Further support for the importance of vertical processes comes from the positive correlations between monthly anomalies in SST and SSH in the northeastern tropical Pacific during January 2014-September 2015 (0.53, significant at the 5% level) and August 2014-September 2015 (0.75, significant at the 5% level), when southward advection of the North Pacific warm blob appears to have been strongest (Figures 4c and 4d ).
Summary and Discussion
In the unusually active eastern Pacific hurricane season of 2015, Patricia stands out for its very rapid intensification and record-breaking peak intensity. Here we examined the upper ocean conditions in the northeastern tropical Pacific leading up to Patricia, focusing on the role of the upper ocean in Patricia's intensification and the ultimate causes of strong upper ocean temperature anomalies. We found that anomalous warmth and a deeper than normal thermocline in October 2015 acted to reduce Patricia's cold wake by 0.2-0.8 ∘ C and increase its Dynamic Potential Intensity by 1-14 m s −1 during the period of rapid intensification. The mean salinity structure, consisting of a thin, fresh surface layer, and strong stratification beneath, tended to limit cooling from turbulent mixing. Combined, the upper ocean temperature anomalies and mean salinity structure made the environment considerably more favorable for intensification. Patricia's rapid intensification during 22-23 October was very poorly predicted by the National Hurricane Center's official intensity forecast, with low biases of 31-54 m s −1 (60-105 kt) at lead times of 12-48 h [Kimberlain et al., 2016] . Though imperfect knowledge of the atmospheric state and internal hurricane dynamics likely played a role, it is also possible that some models' failure to account properly for the strong subsurface temperature anomalies and mean salinity stratification may have contributed to the severe underestimation of Patricia's intensity. Further quantification of the role of salinity in tropical cyclone intensification and the potential for improved intensity forecasts through the inclusion of salinity would be helpful, based on the importance of salinity shown in this study and others [Balaguru et al., 2012; Domingues et al., 2015] . In this study, we focused on the role of the ocean in Patricia's intensification. Further studies examining the impact of the atmosphere are needed for a more complete understanding of Patricia's extraordinary strength.
